Based on the advantages and broad applications of stretchable strain sensors, this study reports a simple method to fabricate a highly sensitive strain sensor with Ag nanomaterials-polydimethylsiloxane (AgNMs-PDMS) to create a synergic conductive network and a sandwich-structure. Three Ag nanomaterial samples were synthesized by controlling the concentrations of the FeCl 3 solution and reaction time via the heat polyols thermal method. The AgNMs network's elastomer nanocomposite-based strain sensors show strong piezoresistivity with a high gauge factor of 547.8 and stretchability from 0.81% to 7.26%. The application of our high-performance strain sensors was demonstrated by the inducting finger of the motion detection. These highly sensitive sensors conform to the current trends of flexible electronics and have prospects for broad application.
Introduction
In recent years, along with the progression of information science, materials science, electronic technology, and micro/ nanotechnology, flexible electronic technology is rapidly emerging as a new industry. Due to the development of film materials and technology, flexible electronic technology has been applied to plasma display panels [1] , liquid crystal displays, organic laser displays [2] [3] [4] , solar cells [5] , optical amplifiers [6] , and electric pulse displays and transparent tablets [7] . Flexible, scalable, and wearable electronic devices can be easily installed in the clothing or directly connected to the body, designed for the flexibility of human movement with sensitive strain sensors.
Flexible electronic skin (e-skin) is a popular application in the field of flexible electronics. E-skins are already capable of providing augmented performance over their organic counterpart, both in superior spatial resolution and in thermal sensitivity [8] . Throughout the development of eskin, it has gained the capability of monitoring and sensing stimuli and can be used for various applications [9] , including robots [10, 11] , human-machine interfaces [12, 13] , touch detection [14, 15] , strain gauges [16] , temperature monitoring [17] , and medicine and healthcare [18, 19] . Strain sensors are fundamental components of e-skin devices, and the preparation of highly sensitive large-area strain sensors is critical to the development of e-skins [20] . Piezopotentialpowered sensor devices [21] for use in e-skin and wearable applications are particularly desirable-or even required for certain biomedical implants [22] .
A flexible base is an important part of flexible electronics, not only because it provides flexible support but also because it functions as a material, which can produce, transfer, and process mechanical and electrical signals.
Due to the fact that PDMS has good transmission to light, good biocompatibility, and the structure of low Young's modulus and a variety of physical and chemical properties, it is one of the unique materials for microimaging and microfluidic channeling. And its high flexibility and repeatability make PDMS a good transparent rubber polymer as applied to the fields of flexible devices [23] [24] [25] . King and others used sugar stents in noncuring polydimethylsiloxane contained carbon black and generated a new type of material [26] . Jung and others in the University of South Korea fabricated the electrocardioelectrode based on CNTs-PDMS materials and compared how different concentrations of carbon nanotubes and different electrode diameter affect the stability of the electrocardiogram signal [27] . Yi and others presented a solution for enhancing the thermal conductivity of such PDMS based microfluidics by introducing thermally conductive alumina nanoparticles [28] . Moreover, due to the fact that PDMS itself has no electrical conductivity, nanomaterials can be embedded into structural materials and operate as both multidirectional and multifunctional sensors with high strain resolution and outstanding electrical properties [27] .
In this study, we study highly flexible, sensitive, and reliable strain sensors based on the sandwich-structure (i.e., silver nanomaterials embedded between two layers of PDMS). First, we controlled different concentrations of FeCl 3 solution at different reaction times to obtain and research three different productions. Second, we observed the morphology of products through SEM and analyzed the main elements in the products by EDS. Third, based on PDMS as a flexible base, we made a model by filling the different products between the two layers of PDMS and then received three simple strain-sensing units. The strain-sensing characteristics of the sensors, including stretch response under static and dynamic loads, stretchability, and sensitivity, have been investigated. After analyzing the different sensors' test results, our strain sensors showed superior sensitivity (especially in small variables) over conventional sensors. The unique properties of these strain gauges have the potential to improve existing technology and reveal new fields of application. The results of this experiment can provide support for the development of wearable devices. At the same time, the sensor technology is simple, has lower equipment requirements, has lower production costs, and is available in various daily flexible electronic devices.
Materials and Methods

Synthesis of Silver Nanowires (AgNWs) and Nanoparticles (AgNPs).
AgNWs and AgNPs were synthesized by a modified polyol method. Ethylene glycol (100 mL) was heated at 160 ∘ C for 1 h with a magnetic stirrer (stirring speed = 250 rpm). A certain concentration of FeCl 3 in ethylene glycol as the growth control agent was added to the ethylene glycol that was heated afterwards. After the new solution was stirred evenly for another 15 min, 5 mL of 3.6 M polyvinylpyrrolidone (PVP) in ethylene glycol was added to the system. Then, 5 mL of 0.6 M AgNO 3 in ethylene glycol was injected drop by drop into the solution. After the AgNO 3 solution was injected, the solution was heated for a period of time and placed into an ice bath to stop the reaction. After the solution was cooled, a large amount of anhydrous ethanol was added to the solution. The solution was centrifuged at 6000 rpm for 5 min and washed three times with anhydrous ethanol to remove the excess PVP and ethylene glycol. AgNMs (Ag nanomaterials) were stored in isopropyl alcohol (IPA) for further experiments.
When the concentration of FeCl 3 was 8 mmol/L, reaction time of 40 min, we received AgNMs1. When FeCl 3 was 6 mmol/L, reaction time for 38 min, results were AgNMs2.
As-prepared sensor
The stretching platform Figure 1 : The sensor testing platform: the optical flat OTSB345-1. In the platform center is the as-prepared product.
When FeCl 3 was 6 mmol/L, reaction time for 58 min, results were AgNMs3.
Fabrication of the Strain Sensors.
The strain sensors were fabricated by the following procedure: the first step involved the fabrication of a PDMS mold. A mixture of PDMS monomer and curing agent with a ratio of 10 : 1 was degassed to remove any bubbles and poured into the center of a Petri dish (diameter: 90 mm) placed in a glass mold (1.5 cm * 5 mm * 0.5 mm). The Petri dish and its contents were cured at 75 ∘ C for 1 hour in an oven. After curing, the PDMS was carefully separated from the Petri dish and the glass mold, yielding the PDMS mold. The second step involved fabricating the AgNMs-PDMS strain sensors. Copper tape was pasted on both ends of groove in the mold intended to function as an electrode. The AgNMs1, AgNMs2, and AgNMs3 that were previously prepared were scattered in isopropyl alcohol and dropped, respectively, onto three PDMS molds. Three molds were placed half an hour in the normal temperature. After the solution dried and PDMS was poured into surface of the groove, the three molds were cured at normal temperature for 24 h. The cured PDMS film in the center was cut into three rectangles to be used as samples. Based on AgNMs1, AgNMs2, and AgNMs3, we, respectively, created the products Sensor 1, Sensor 2, and Sensor 3.
Characterizations of Compositions and Morphologies of the Products.
The morphology and structure of Ag nanomaterials (AgNMs) were observed by using scanning electron microscopy (SEM) images obtained by using SU3500 SEM (Hitachi Corporation) operated at 15 kV. Energy-dispersive X-ray (EDX) analysis was also performed with the same instrument. Transmission electron microscopy (TEM) was carried out with a JEM-2010 FX instrument operating at 200 kV accelerating voltage.
Sensor Test Platform.
For the AgNMs-PDMS sensors tensile test, the experimental platform was built as shown in Figure 1 . Composite film was placed in the optical flat OTSB345-1, with a three-dimensional displacement on the stage, clamped to adjust to the same plane, and the apparatus was clamped tight to adjust to the spiral rod indentation and promote composite film stretching. After being connected to the ends of the composite film electrodes and Keithley2400 of measure instruments, the film was tested for the resistance of the original length. Then the screw rod was rotated in half of a circle repeatedly (elongation 0.25 mm) to measure the composite film resistance until the resistance of the composite membrane became infinite.
A Keithley2400 source unit of measure instrument was used to test the films created by our experiment methods. The films were tested with RS232 USB serial port connection and computer software of the Keithley2400. Results showed the output data and the origin software to analyze the data.
Results and Discussion
As compared with most reported strain sensors fabricated by depositing or embedding the sensing materials on the flexible substrates (in which the structure and performance of the strain sensors can be easily damaged even by mild touching) [29, 30] , our sandwich-structured strain sensor can easily be handled by complete encapsulation. The sensors can be mounted directly on the skin and easily attached to complex surfaces without causing any damage to the nanocomposite thin film.
Our study tested whether differences existed in the synthesis of silver nanowires by applying FeCl 3 with varying concentrations. In addition, varying reaction times were employed to compare the synthesis process. In Figure 2 , three images with different proportions of AgNMs products composed of AgNWs and AgNPs are pictured. As shown in Figure 2 (a), the SEM shows that when the concentration of FeCl 3 was 8 mmol/L and the reaction time was 40 min, the synthesis of silver nanowires failed and the majority of the structures were silver nanoparticles in Product 1. With the 6 mmol/L FeCl 3 , with 38 min of reaction time, these large silver nanoparticles were able to grow into rod-shaped structures as shown in Figure 2(b) . The synthesized silver nanostructures still contained a large amount of AgNPs and AgNWs. Note that some silver particles did not develop into the rod-shaped structures and kept growing into smaller colloids that were as stable as the wires. All steps were the same as above in the synthesis of the silver materials, except the fact that the reaction time increased to 58 min, as shown by the SEM image of Product 3 in Figure 2 (c). In Product 3 these particles could coexist in the solution with the silver wires. The silver nanowires demonstrated an average length of 6 m and an average width of 62 nm. The results suggest that, by adding FeCl 3 in an appropriate concentration and by changing the reaction time, the synthesis of silver nanomaterials can effectively be achieved.
The chemical composition of AgNMs was obtained using energy-dispersive X-ray spectroscopy (EDS) during SEM. The EDS characterizations of AgNMs on silicon substrate are showed in Figure 3 . The results show that the product of Ag content under the condition of all three experiments was 100%, excluding other substances.
The cross-sectional optical images of the sensors are shown in Figure 4 indicating well-patterned AgNMs-PDMS nanocomposite strain sensors. In Figure 4 Using Keithley2400 testing software, we scanned the voltage range from −1 V to 1 V and measured -curve of thin films at room temperature. As shown in Figure 5 , curve A shows -of Sensor 1 consisted mostly of AgNPs and -of Sensor 2 consisted of a fair amount of AgNPs and AgNWs (as curve B), while curve C shows that -of Sensor 3 consisted primarily of AgNWs. Through analysis, the resistance of Sensor 1 was 100 Ω. When the sensor showed a large number of nanoparticles, Ag nanomaterials isolated existence and the resistance value was higher. The resistance of Sensor 2 was 16.67 Ω, and there was a certain proportion of composite silver nanomaterials, which easily formed the conductive path-therefore, the more paths, the higher the possibility of the sensor having good conductivity and a lower resistance. The resistance based on Sensor 3 was 33.33 Ω, which consisted of more nanowires and fewer nanoparticles. The sensor did not easily form the conductive path. The easier it is to form a connected network, the less resistance there will be. Synergy between AgNWs and AgNPs ensured that the sensor had good electrical conductivity and resulted in small resistance at the unstretched state.
Sensor 1 is open circuit as soon as stretching occurs. The AgNMs1 were connected and Sensor 1 was conductive when there was no deformation on Sensors 1. Relative large amount of Ag nanowires still forms a conductive network during deformation. However, the AgNMs1 were separated and the electrons path did not exist during stretching because of the small amount of Ag nanowires.
The results of AgNMs composite film tensile test analysis were as follows: after different stretching, the spatial structure of silver nanoparticles and nanometer silver wire was changed. As shown in Figure 6 (a), Sensor 2 stretched from 0.81% to 11.34%, and the resistance variation was as high as 31.52. To investigate the application of these strain sensors, the gauge factor (GF) was adopted to measure the data for our strain sensor under variable strains, which is the standard for quantifying the piezoresistive sensitivity. It is determined on the basis of elongation experiments, by using the following equation:
Here, Δ and Δ are the changes in the electrical resistance and the elongation length, respectively (Δ = | − 0 |, Δ = | − 0 |). 0 and 0 are the initial values of the resistance and the length, respectively. The GF is also affected by the composition of silver nanomaterials. In Figure 6 (a), it shows that the resistance change is unpredictable and repeatability is not good-even Δ / 0 happened to jump under the small deformation range. In Figure 6 (b), the GF showed a trend of instability. The analysis of reasons is as follows: while starting to stretch, AgNWs2 (due to the mutual connection between particles and the particles being less than the cut-off distance of tunneling effect), the composite film ends up having good conductivity. When the composite film was stretched, there appeared to be a downward trend. After stretching to a certain extent, AgNWs are unable to connect to each other, the original conductive network gets destroyed, and a new conductive network connecting the path through the AgNPs creates a tunneling effect. Due to the change of the internal structure, the variables changed are uncertain.
As shown in Figure 6 (c), Sensor 3 is stretching from 0.81% to 7.26%; resistance variation is as high as 39.77. Figure 6(d) illustrates the GF of the strain sensor as a function of strain. It shows, for various tension degrees, that the highest value of GF is 547.8 for 7.26% tension and the lowest value is 12.3 for 0.81% tension of Sensor 3. Compared with other reported stretchable strain sensors, Sensor 3 has a high GF and good electrical conductivity prior to stretching. Sensor 3 had large amounts of AgNWs, and, due to this fact, the conductive interface could consist of the interface between the AgNWs and AgNPs. The interface between them is divided into three categories: no contact resistance (fully contact), having a certain cut-off distance of tunnel junction, or complete disconnection.
To understand the resistance variations of Sensor 1, Sensor 2, and Sensor 3 in the stretching process, we propose a simple model to describe the working principle of sensors, as shown in Figure 7 . As shown in Figure 7 (a), the lager amounts of Ag nanoparticles in Sensor 1 were connected and Sensor 1 was conductive at the original condition. However, the electrons path was destroyed during stretching. Compared with Sensor 1, sensitive unit in Sensor 2 contains more AgNWs, which is shown as Figure 7(b) . Due to the existence of AgNPs, the internal structure changes during the stretching process are unstable, resulting in unstable resistance changes. The sensitive unit in Sensor 3 is composed of a large amount of silver nanowires in Figure 7 (c). During the stretching, the position of the silver nanowires in unit is more stable than Sensor 1 and Sensor 2. Comparing Sensor 2 with Sensor 3, networks that consisted of AgNWs and AgNPs are not stable during stretching because the amount of AgNPs in Sensor 2 is higher. Due to the mutual connection between particles and the particles being less than the cut-off distance of the tunneling effect, AgNWs make the composite film have a good electrical conductivity, the tunneling resistance increases, Δ is larger, and the strain sensor GF is greater.
When comparing Sensor 2 and Sensor 3, we came to the conclusion that Sensor 2 has better tensile performance than Sensor 3, but Sensor 2 has different sensitivity and unstable resistance change. In the process of relative resistance variation by gradually increasing strain from 0.81% to 7.26%, in comparison to Sensor 2, Sensor 3 had higher stability and GF. Especially in the small scope of deformation measurement, Sensor 3 AgNPs were relatively less compared to Sensor 2. Conductive path is hard to change, so Sensor 3 had better stability and sensitivity. The experiment was repeated four times to test the repeatability of Sensor 2 and Sensor 3. As shown in Figure 8 (a), the test result was different almost every time, while the composite films of AgNMs2 responded to being stretched four times. This phenomenon shows that, in the process of stretching, the distance between particles is uncertain, therefore the resistance change is unpredictable, repeatability is not good, and even Δ / 0 happened to jump under the small deformation range. However, in Figure 8 (b), Sensor 3 responded to the stretch similarly all four times to establish the mathematical model for the trend of change of resistance. It showed good stability because when less AgNPs are perfectly embedded in network of AgNWs it is easy to form stable conductive pathways. Sensor 3's repeatability is better than Sensor 2 and therefore has more application value.
Our sandwich-structured AgNMs-PDMS strain sensor was used for a finger in the experimental process to detect a human finger's motion. Figure 9 response results of the resistance change when a finger moves 1 cm and 2 cm in a horizontal direction. By contrast, we can see four stretching-releasing cycles, respectively, and then the resistance variation to the strain sensor was increased when the process of stretching but the resistance variation decreased during the process of releasing. From this figure, we can get conclusion that when the finger moved in a horizontal displacement of the fixed distance and bent at a similar level, the peak position changed little, and the resistance variation stayed roughly the same and showed good stability. In comparison with the two different response curves of displacement, the curve of the horizontal displacement of 2 cm peak position was greater than 1 cm. In a certain range, the larger the horizontal displacement, the better the tensile effect. From the application of the fingers' stretchingreleasing cycle results, it was observed that the strain sensor we prepared can come in direct contact with the skin and be used for monitoring human actions.
Conclusion
In summary, we developed a new type of highly sensitive, stable strain sensors with a low cost fabrication process based on the sandwich-structured AgNMs-PDMS nanocomposite. In the article, we first prepared different proportions of silver nanomaterials and based experiments on three different kinds of products for three kinds of strain sensors and tested the different sensors' performance. The tensile experiments results showed Sensor 3 to have adequate proportions of silver nanowires and particle composite membrane that can be stretched from 0.81% to 7.26% with the highest value of GF being 547.8 for 7.26% tension. The strain sensors with high GF obtained in this work conformed to the trend of the developing flexible electronics, having broad application prospects.
